Simulations of a leading edge of a hypersonic vehicle using computational fluid dynamics (CFD) and a material response code are presented in order to investigate the effect in-depth surface conduction has on electron transpiration cooling (ETC). ETC is a recently proposed thermal management approach. Previous numerical studies have shown that ETC can significantly lower the stagnation point surface temperature of sharp leading edges of hypersonic vehicles. However, these studies have neglected the effect of heat also being conducted into the material as opposed to only into the flow via radiative cooling and ETC. A modeling approach is presented for ETC, which includes the boundary conditions for electron emission from the surface, accounting for the electric field and space-charge limit effects within the near-wall plasma sheath. A material response code is used to determine typical values of in-depth surface conduction for the test cases studied. Since ETC materials are still being developed, a parametric study is conducted for a range of material properties pertinent to ETC. The results of this study are used to generate in-depth surface conduction profiles, which are implemented into the CFD framework. The CFD simulations show that including in-depth surface conduction results in lower surface temperatures than predicted with radiative and ETC cooling alone. This is because in-depth surface conduction complements radiative cooling and ETC by moving heat away from the surface, in the case of surface conduction by moving the energy into the material, allowing for a lower surface temperature. The results also show that ETC remains a major mode of heat transfer away from the surface, even with in-depth surface conduction. This suggests that ETC is still a promising mode of thermal management, especially since it transfers energy to the flow instead of into the material.
I. Introduction
O ne of the fundamental challenges of hypersonic flight is the management of the high heat loads inherent to high-speed flight. 1 In order to maximize the range of any flight vehicle, the drag must be minimized, which essentially is designing a slender body with sharp leading edges for the case of hypersonic flight vehicles. This is shown by a theoretical analysis performed by Lees and Kubota, 2 which revealed the drag is proportional to the leading edge radius,
where k = 0 for a two-dimensional body and k = 1 for an axisymmetric body. However, this decrease in drag comes at a cost of increased convective heat transfer as shown by a later theoretical analysis performed by Fay and Riddell, 3 which shows that the stagnation point heat transfer is inversely proportional to the square-root of the vehicle leading edge radius,
Equations 1 and 2 show that minimizing a property such as freestream density can reduce the drag while also lowering the convective heating, which is why hypersonic flight often occurs at high altitudes. However, if the leading edge radius is reduced to limit the drag, there is a corresponding increase in convective heat transfer. Given that reducing the drag is generally one of the leading design criteria for flight especially at high speeds, high convective heating rates will be inherent and managing them will be vital. Currently, there are multiple approaches to manage the heat loads, which are discussed in detail in Ref. 4 . One approach is to have a leading edge material able to withstand high-temperatures without degrading. One type of material that meets this criteria are ultra-high temperature composite (UHTC) materials, which were used on the NASA X-43 experimental hypersonic aircraft. 5 Since these materials can withstand high temperatures, the high convective heat rates are managed by radiative cooling, which is determined by Stefan-Boltzmann law,
Since radiative cooling has a fourth power relation to the surface temperature, having a material that can withstand high surface temperatures is highly beneficial. Other modes of heat management include more of an active approach such as ablation. Ablation has significant heat management benefits through essentially a controlled thermo-chemical decomposition of the heat shield, which makes it a great approach for reentry flight. This shape change of the surface, while permitted for the blunt bodies of re-entry flight, is unacceptable for the sharp leading edges of hypersonic vehicles. An alternative approach that has been proposed involves using thermo-electric materials at the leading edges of hypersonic vehicles and is called Electron Transpiration Cooling (ETC).
6 When exposed to high surface temperatures experienced during the extreme convective heating rates, these materials emit a current of electrons that may lead to a transpiration cooling effect of the surface of the vehicle. This phenomenon is known as thermionic emission and occurs when the thermal energy given to the electrons is greater than the binding potential of the surface material. A recent numerical study was completed and showed that ETC can reduce the stagnation point surface temperature by 11% and 50% for a 6 km/s and 8 km/s test case, respectively, at 60 km altitude.
7 This study, however, neglected the effect of in-depth surface conduction.
With all of these approaches, a portion of the heat will conduct into the material, to some extent. Allowing the heat to conduct into the material and then manage it with cooling pipes is another mode to manage the heating loads, although the sharp leading edge radii limit the space for cooling pipes. Essentially, the heat transfer at the leading edge of the vehicle is,
where the heat transfer into the surface is the convective heat transfer, which will be defined as the sum of the conductive heat flux (temperature gradients in the flow) and diffusive (species gradients in the flow) heat flux,
Radiative heating is not considered because it is typically negligible compared to convective heating for the very slender bodies (e.g. leading edges) used in hypersonic flight. 8 The heat away from the surface will be defined as either heat distributed back out into the flow typically through radiative or also ETC in this study, or heat conducted into the material through in-depth surface conduction,
The surface temperature is determined based on this balance of heat transfer. In order to assess whether ETC is a viable method of thermal load management, in-depth surface conduction must also be included in the analysis, which is the focus of the paper. First, the numerical methods are discussed that are used to model the hypersonic flow and material response along with the test case description for the simulations. Then, numerical results are presented for in-depth surface conduction for the test cases without ETC. Profiles for in-depth surface conduction are then generated from this study and implemented into the ETC modeling framework. The results are presented that highlight the effect in-depth surface conduction has on the benefits of ETC, specifically surface temperature. Finally, the paper presents some conclusions drawn from this study and outlines future work recommendations.
II. Numerical Approaches

A. Fluid
The flow is modeled using computational fluid dynamics (CFD) using a code developed at the University of Michigan called LeMANS. 9 LeMANS is a parallel, three-dimensional code that solves the Navier-Stokes equations on unstructured computational grids. LeMANS includes thermo-chemical non-equilibrium effects and the flow is modeled assuming that the continuum approximation is valid. It is also assumed that the translational and rotational energy modes can be described by a single temperature, T tr , and that the vibrational, electronic, and electron translational energy modes are described by a different temperature, T vib . The CFD code is discussed in detail in Refs. 9 and 10.
Electron Emission
The electron current density is a function of the material's surface temperature and work function as determined by Richardson,
It is to be noted that this current is only realized in ideal conditions: emitted electrons see no retarding electric field at the surface, are not reflected back to the surface through collisions, nor see a virtual cathode created by space-charge limits. These space-charge limits are discussed in the following sections. A boundary condition is implemented into LeMANS to model the production rate of electrons,
A quantity of the emitted electrons and flowfield ions will recombine at the surface and is determined by assuming that the surface is fully catalytic to ions:
The gas properties at the surface of the hypersonic vehicle are calculated in LeMANS by solving the species mass balance,
and momentum balance,
equations to obtain the gas density, species mass fractions, and gas normal velocity. The mass blowing rate is defined as the product of the electron production rate and the electron mass,
The emitted electrons will carry away energy from the vehicle surface at a flux of:
which accounts for the energy the electrons use overcoming the potential barrier of the material work function as well as the kinetic energy associated with the emitted electrons.
Electric Field
Due to the emitted species possessing an electric charge, LeMANS is modified in order to model the electric field, to some extent. The electric field is determined by the gradient of the electric potential,
where the electric potential is calculated using Ohm's law and solving the steady state current continuity equation,
The electrical conductivity is approximated semi-empirical model based on the flow temperature developed by Razier, 14 which is valid for air, nitrogen, and argon,
The electric field at the wall can decrease the energy barrier that the emitted electrons must overcome at the surface, which effectively reduces the work function, known as the Schottky effect:
Previous work showed that the magnitude of the electric field for cases similar to this study has a relatively small value, which causes negligible effects on the predicted surface properties of hypersonic vehicles with thermo-electric TPS materials, 16 but will play an important role in future work where electrons must reattach downstream on the aftbody to prevent the vehicle from accumulating a net charge.
Plasma Sheath
A plasma sheath forms near the the wall, which is a non-neutral region between the quasineutral flowfield and the wall. The sheath typically occurs because the electrons are much more mobile than the ions due to their mass difference. This higher mobility of electrons leads to more electrons leaving this region than ions, leaving the region positively charged, which generates a negative potential difference between the flowfield and the wall. Previous work showed that ETC is susceptible to space-charge limits in which a virtual cathode forms within the collisionless sheath pushing a portion of the electrons back to the surface before they escape into the hypersonic flow.
7 This effect can limit the level of emission from the surface resulting in smaller emission currents than predicted by vacuum conditions of Eq. 8. Space-charge limited electron emission can be determined by,
where the surface bias, or surface potential, is normalized by the electron temperature,
In this work, the value of the virtual cathode potential (or wall potential if the space-charge limit is not reached) is set to a value. The electron temperature is not calculated explicitly but is approximated using an approach developed in Ref. 7 . The ion acoustic speed is defined by,
G and A are functions of the normalized virtual cathode potential and the ratio of the emitted electron temperature (electrons are emitted at the material surface temperature) to the electron temperature at the sheath edge. If the current given by Eq. 20 is less than the current given by Eq. 8, emission is space-charge limited and Eq. 20 is used.
B. Material
The material is modeled using a material response solver developed at the University of Michigan called MOPAR. 18 The numerical code is capable of simulating multidimensional thermal and structural response of materials exposed to hypersonic flows. The thermal portion of the code can model materials with temperature-dependent, anisotropic properties and the heat fluxes are computed using Fourier's law. MOPAR is strongly coupled with LeMANS in order to study quasi-static aerothermal and aerothermoelastic problems that arise in hypersonic flows such as ablation and in-depth surface conduction. The material response solver is discussed in detail in Refs. 18 and 19.
III. Numerical Results
A. Test Case Description
Geometry
The geometry of the test case is based on the IRV-2 vehicle nose shape. 20 The nose radius of the geometry is 1.905 cm with a 8.42 deg. cone angle as shown in Figure 1 . This geometry was used because it is typical of a sharp leading edge for a hypersonic vehicle and computational grids have already been generated for the flow and material, and the grids were verified in a previous study.
18 Previous ETC studies have used a 2D planer wedge with a 1 cm leading edge radius and 5 deg. wedge angle so the grids are scaled down to match a 1 cm nose radius and will be used as an 2D planar wedge instead of an axisymmetric cone. The computational domain and boundary conditions are shown in Fig. 2 . 
Flow Conditions
The freestream flow conditions correspond to conditions at 60 km altitude and are summarized in Table 1 . Although the freestream primarily consists of two species, post-shock chemistry will generate more species in which the numerical approach accounts for 11-species air. The freestream velocity in the test cases will be 6 km/s, unless otherwise noted. This velocity was chosen based on a previous study that showed that ETC is only beneficial for high freestream velocities, whereas slower freestream velocities are greatly limited by space-charge effects. 21 Previous studies of ETC have been at steady-state, whereas now with the addition of in-depth surface conduction, the duration of the test case is influential on the results. Three times of duration are investigated include one, five, and ten minute durations. 
Material Conditions
Since the material for ETC is currently being developed many of it's material properties are unknown. The material properties pertinent to this study include work function, emissivity, thermal conductivity, and specific heat and are summarized in Table 2 . Previous studies have shown that ETC is more effective for higher emitted electron currents from the surface, which can occur with a lower function material. For that reason, a low work function of 2 eV (e.g. value for Cesium 22 ) will be used in the test cases. Material emissivity impacts how effective radiative cooling is, with a blackbody having the most effective radiative cooling. Although previous studies have shown that ETC is more effective for lower material emissivities, leading edge surfaces of hypersonic vehicles are typically close to blackbody so the material emissivity will be assumed to equal 1.0. Thermal conductivity for TPS materials are typically anisotropic and temperature dependent. In order to clarify the analysis, a low and high thermal conductivity typical of a TPS material were chosen and assumed to be temperature independent and isotropic in the test cases. Titanium can have as low as thermal conductivity as approximately 20 W/m K 23 while UHTCs have a larger thermal conductivity of approximately 80 W/m K. 24 A low and high value was also chosen for specific heat and also assumed to be temperature independent. UHTCs and titanium both have a specific heat capacities of approximately 600 J/kg K but a larger value was also chosen to investigate the effect of specific heat capacity. It is to be noted that the potential bias of the surface (or virtual cathode if emission is space-charge limited) is assumed to equal -5 V. 
B. In-depth Material Conduction
Simulations were done using MOPAR for the conditions of interest mentioned in Tables 1 and 2 without ETC implemented. The purpose of the simulations were to assess the effect in-depth surface conduction has on surface temperature and determine typical in-depth surface heat transfer profiles for the test cases of interest. Figure 3 presents the in-depth surface conduction heat transfer profiles for different thermal conductivities, heat capacities, and durations of flight. For both thermal conductivities, the shortest durations result in the highest in-depth heat transfer. This is due to the limited time for the heat to conduct into the material, resulting in large temperature gradients within the material driving the higher heat flux due to Fourier's law. As the duration of the flight is lengthened, the surface conduction heat flux is reduced. The conduction reaches steady-state before five minutes of flight time as shown by the heat transfer staying steady between five and ten minutes. As expected, a higher thermal conductivity results in a higher surface conduction as shown between Figs. 3a and 3b. The effect of the heat capacity is only shown before the material reaches steady-state, which is that a higher heat capacity requires more energy to heat up the material, so the larger temperature gradients persist in the material longer resulting in higher surface conductions. The resulting surface temperatures are shown in Fig. 4 . The longer durations of flight result in a larger surface temperature, as expected. The steady-state (5 and 10 minute durations) cases with a lower thermal conductivity result in a higher surface temperature than the cases with a high thermal conductivity. This is expected because with less of the heat conducted into the material, a higher surface temperature is required to radiate more of the heat back into the flow. This is illustrated by Fig. 5 , which shows what percentage of the heat away from the surface is from radiation and in-depth conduction. For the low thermal conductivity, radiative cooling contributes more to heat away form the surface than in-depth surface conduction for each case besides the short-duration with a high specific heat. For the high thermal conductivity, at least near the stagnation point, in-depth surface conduction contributes more of the heat transfer away from the surface than radiative cooling. For the cases with ETC, another mode of heat transfer away from the surface will be present complementing radiative cooling and in-depth surface conduction. Since ETC carries energy into the flow and away from the surface, it effectively reduces the convective heating rate the material experiences. In order to simulate the effect of in-depth surface conduction when the effective convective heat transfer is smaller, a smaller freestream velocity of 4 km/s was evaluated with the resulting in-depth surface conduction profiles shown in Fig. 6 . Although the convective heating rate is smaller for the slower velocity, the in-depth surface conduction values are comparable to the 6 km/s case. 
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C. Effect of In-depth Material Conduction on ETC
Using profiles from the MOPAR cases, three different peak in-depth conduction values were chosen: 50, 100, and 200 W/cm 2 . Profiles were then generated using by scaling the profiles in the MOPAR study and are shown in Fig. 7 . These profiles were implemented in the ETC framework in order to investigate the effect in-depth surface conduction has on ETC. The resulting surface temperature profiles are shown in Fig. 8 . Without ETC and in-depth conduction, the surface temperature is the highest, as expected, because the only mode of heat away from the surface is radiation. For the ideal ETC case, where the level of emission is determined only by Eq. 8 and neglecting space-charge effects with no in-depth conduction, the surface temperature is reduced by 40% at the stagnation point. If space-charge effects are accounted for but still no in-depth surface conduction is modeled, the reduction of surface temperature at the stagnation point is reduced by 17%. For the same case but with in-depth conduction heat transfer value of 50, 100, and 200 W/cm 2 , the surface temperature at the stagnation point is reduced by 21%, 29%, and 45%, respectively. All of the cases with in-depth surface conduction and space-charge limited emission result in a lower stagnation point surface temperature than the space-space limited emission alone, and one value actually is lower than the ideal emission without conduction. The wiggles in the cases with in-depth surface conduction are due to the set in-depth surface conduction profiles only occurring near the stagnation point, so the surface temperatures converge back to the case without conduction further along the body. A smooth curve would be expected if MOPAR was coupled to the ETC framework and a predetermined conduction profile was not used (e.g. fully-coupled heat transfer balance). The heat transfer balance, which determines the surface temperature, is an intricate balance with the space-charge limited ETC being heavily dependent on the level of ionization of the flow at the surface, 7 so oscillating surface temperatures are expected when using an approximate profile for in-depth surface conduction. The contributions to the heat leaving the surface are shown in Fig. 9 . For the case with ideal ETC and no in-depth surface conduction, the heat away from the surface is dominated by ETC heat transfer. For the case with space-charge limited ETC, the contribution from ETC is smaller but still more than radiative cooling. For the cases with 50 and 100 W/cm 2 surface conductions, the ETC contribution is similar to that of the case without conduction and still the dominant mode of heat away from the surface. However, when the conduction is 200 W/cm 2 , in-depth surface conduction becomes the dominant mode of heat away from the surface. For each case, radiative cooling is the least dominant mode of heat away from the surface. 
IV. Conclusions and Future Work
The goal of the present work was to assess the effect of in-depth heat conduction has on electron transpiration cooling (ETC). For the test cases considered, typical in-depth surface conduction profiles were generated based on a parametric study using a material response code in order to estimate the levels of in-depth surface conduction hypersonic vehicles could experience. The in-depth surface profiles were then implemented into the ETC framework to investigate the effect in-depth surface conduction has on the surface properties, specifically surface temperature. The study showed that including in-depth surface conduction in the surface heat balance results in lower surface temperatures than predicted with ETC and radiative cooling alone. This is expected because in-depth surface conduction complements ETC and radiative cooling as another mode of heat transfer away from the surface, albeit into the material. The study also showed that ETC remains a major mode of heat transfer away from the surface, even with in-depth surface conduction. This suggests that ETC is still a promising mode of thermal management, especially since ETC transfers energy to the flow instead of into the material.
In order to continue to improve the modeling capabilities of ETC and to analyze it's feasibility as a viable option for thermal management, the analysis has to not only look at the leading edge but also at a larger scale. This includes tracking the electrons in the flowfield back to the vehicle in order to ensure that the vehicle does not charge. Also, experiments are needed to continue to validate the numerical approaches. Finally, a more accurate assessment of the effect of in-depth surface conduction would include the material response code being coupled to the ETC analysis. A fully-coupled approach would also allow for ETC to be investigated for flight trajectories instead of only steady-state.
